Two hundred twenty-eight male broiler chicks (Columbia x New Hampshire) were given feed amended with autoclaved culture material of Fusarium proliferatum containing fumonisin B 1 (FB 1 ) at 61, 193, and 546 ppm, fumonisin B 2 (FB 2 ) at 14, 38, and 98 ppm, and moniliformin at 66, 193, and 367 ppm in 3 separate feeding trials (amounts of toxin in each trial, respectively). Birds were started on amended rations at days 1, 7, and 21 and continued on their respective ration until they were 28 days old. Purified FB 1 (125, 274 ppm) and moniliformin (27, 154 ppm) were given separately and in combination (137 and 77 ppm, respectively), starting on day 1 and continuing for 14 days. Of serum chemistry parameters, only glucose was significantly decreased. Significant increases were noted in serum cholesterol, sodium, alkaline phosphatase, aspartate amiparameters, significant decreases were noted in red blood cell counts, hemoglobin, packed cell volume, and white blood cell counts. Immunologic changes included impaired anti-Newcastle disease antibody hemagglutination inhibition titers associated with relative decreases in total serum globulins and increases in albumin/ globulin ratios. The changes were noted in all treatment groups when compared to controls.
Fumonisins B 1 (FB 1 ) and B 2 (FB 2 ) are mycotoxins produced by Fusarium moniliforme and a closely related species, Fusarium proliferatum. 1, 15, 23 Fusarium moniliforme is the most frequently reported fungal contaminant of corn worldwide 16 ; however, its reported presence has been exaggerated by the misidentification, in some cases, of F. proliferatum as F. moniliforme. 16, 18 In contrast to F. moniliforme, many strains of F. proliferatum also produce moniliformin. 16, 18 The concentration of fumonisin in corn varies greatly with geographic location and climatic conditions. 21 When drought stress is followed by warm, wet weather during flowering, conditions exist that favor the production of fumonisins. The correlation of fumonisin-associated toxicoses in livestock with the 1989 United States corn crop indicated a high level of contamination in this particular crop. 4, 27 The fungus can be present in symptomless kernels. 11 Corn screenings generally contain the higher incidence of fungi capable of producing fumonisins. 20 FB 1 has been associated with equine leukoencephalomalacia (ELEM), a fatal central nervous system disease of horses and donkeys. 13, 14, 21, 27 In swine, the toxin has been linked with pulmonary edema and pancreatic and liver lesions. 4, 6, 19 Unfortunately, corn screenings that had been analyzed for FB 1 , but not moniliformin, were utilized in most of these studies. If the fungus were actually F. proliferatum but had been misidentified as F. moniliforme, the possibility exists that moniliformin and other toxic metabolites may have been present but not identified. 17 In companion reports, we have described the clinical signs (ataxia, rough feathering), mortality, reduced weight gains, and pathologic changes (ascites, hydropericardium, pneumonitis, hepatopathy, nephropathy, cardiomyopathy, gizzard ulceration) in broiler chicks given rations amended with a culture extract of F. proliferatum that contained defined concentrations of FB 1 , FB 2 , and moniliformin or purified FB 1 , and moniliformin given both separately and in combination. 9,10 Various diagnostic tools used for measuring responses of the body to disease include antibody titration, hypersensitivity reactions, and circulating biomarkers, metabolites, or enzymes released by tissue destruction at the cellular level. 7 The present report describes certain serum chemistry and hematologic changes in affected broiler chicks on these amended diets. In addition, we report reduced antibody response to Newcastle disease vaccine in the mycotoxin-exposed chicks.
Materials and methods
Experimental protocol Two hundred twenty-eight male broiler chicks (Columbia x New Hampshire) were given feed amended with an autoclaved culture material (CM) of F. proliferatum M-5991 a containing FB 1 , FB 2 , and moniliformin in 3 separate feeding trials. Purified FB 1 and moniliformin were given separately and in combination in a 4th feeding trial (Table 1) . Chicks were started on amended rations at day 1 (trials 1 and 4), day 7 (trial 2), and day 21 (trial 3), and continued on their respective ration for 28 days (trial 1), 21 days (trial 2), 7 days (trial 3), and 14 days (trial 4). FB 1 was given at 61, 193, and 546 ppm; FB, at 14, 38, and 98 ppm; and moniliformin at 66, 193, and 367 ppm. Chicks in trial 4 were given diets containing purified FB 1 (125, 274 ppm), moniliformin (27, 154 ppm), or combined FB 1 and moniliformin (137 and 77 ppm, respectively). Details of the experimental protocols, housing, and feeding management have been described. 9
Serum chemistries. Blood samples for serum chemistries were collected by cardiac puncture. b Serum samples were stored at -20 C prior to analysis for glucose (Glu), cholesterol (Chol), phosphorus (P), calcium (Ca), sodium (Na), potassium (K), Na/K ratio, chloride (C1), uric acid (UA), blood urea nitrogen (BUN), and creatinine (Crt). Serum enzyme activities measured included alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine aminotransferase (GGT), and lipase (Lip). All serum chemistry analyses were performed using an autoanalyzer. c Lipemic (LI), hemolytic (HI), and icteric (ICI) indices were also monitored.
Hematology. Blood samples for hematology were collected in tubes containing Na EDTA d for determination of RBC counts, 5 hemoglobin (Hb), e and packed cell volume (PCV). f Mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were calculated. White blood cell counts (WBC) g and differential leucocytic counts (DLC) h were also performed. 2
Immunology. All chicks in trial 1 were vaccinated on day Figure 1. Effects of dietary F. proliferatum CM, FB 1 , and moniliformin on activity of serulm ALP in broiler chicks. In trial 1 (a), trial on days 0, 7, 14, 21, and 28. Serum antibody titers against 5), Chol and Na (Table 2) , and UA, BUN, LI, and HI Newcastle disease were determined with the hemagglutina-(data not shown). There were slight increases in Ca, P, tion inhibition test. Antibody production was expressed as log 2 titers of the reciprocal of the highest dilution producing K, Cl, Crt, Lip, and IcI (data not shown).
visible agglutination of equal volumes of the test antigen ALP activities were significantly (P < 0.01) elevated (4HA) and 0.5% RBCs (washed 3 times in normal saline). 22 in clinically affected chicks in all 4 trials ( Fig. la-d ).
Serum samples were also analyzed for total protein (TP),
In control birds, the mean ALP activities were 17 ± albumin (Alb), globulin (Glb), and Alb/Glb ratio.
3.2 IU/liter on day 0 and remained near this level of Statistical analysis. Means, standard deviations, and ranges activity throughout the 28-day feeding trial. However, were calculated for each treatment. Intertreatment differ-the ALP activities increased in birds on the highest ences were determined by analysis of variance using the Sys-toxin levels to 12,038 ± 63.5 IU/liter (708-fold intat program. 26 crease compared to the mean activity in control birds)
Results and discussion
after 3 days on amended diets in trial 1 (Fig. la) . In trial 4, elevations in ALP activities were more mod-Serum chemistry and hematologic data obtained erate in chicks fed either purified FB 1 or moniliformin, from the 4 trials are presented in Tables 2 and 3 . Im-than in chicks fed diets containing both FB 1 and monmunological data are presented in Table 4 . Only sta-iliformin ( Fig. 1d ). AST and ALT activities were modtistically significant (P < 0.05) parameters that were erately increased in chicks on mycotoxin-amended didose-related to the mycotoxin-amended diets are pre-ets in all 4 trials respectively) . Serum sented. Glu was the only serum value that was signif-LDH activities were elevated 2-3-fold in birds on icantly decreased (Table 2) . Slight decreases were noted amended diets in all 4 trials ( Fig. 4a-d ). GGT activities in serum TP. Significant increases were noted in the were also significantly elevated (P < 0.05-0.01) ( Fig. following serum chemistry parameters: ALP (Fig. 1) , 5a-d). Activities remained normal in control birds. AST (Fig. 2) , ALT (Fig. 3) , LDH (Fig. 4) , GGT ( are indicative of hepatic and renal damage and thus reflect the severe hepatopathy and nephropathy described in a related paper. 10 Formation of GGT-positive foci has been found in livers of rats fed FB 1 . 3 Serum ALP activity increases in birds with hepatic disorders and biliary obstruction. 2,5 Studies with rats, horses and pigs indicated that serum ALP increased significantly following exposure to fumonisins in feeds. Elevated cardiac and hepatic-specific enzymes may be of diagnostic importance because F. moniliforme has been associated with hepato-and cardiotoxicity in donkeys and rats. Rats on a diet amended with a chloroform : methanol extract of F. moniliforme CM had elevated AST, ALT, and LDH activities after 2-4 weeks . 24 Serum AST activity was significantly increased in broiler chicks fed F. moniliforme CM containing 100-400 mg fumonisin B 1 /kg feed for 21 days; at the higher levels of fumonisin, serum Ca, and Chol were increased. 12 An important difference between our study and other studies using fumonisin-containing culture material is that moniliformin was produced by the F. proliferatum strain used here, whereas strains of F. moniliforme typically do not produce moniliformin.
Glu concentrations decreased significantly (P < 0.05 to 0.01) in birds on mycotoxin-amended diets ( Table  2 ). The drop in Glu concentrations in trial 2 chicks was relatively less than in trial 1, probably because they were not started on the amended diets until day 7 of age. In trial 4, the decrease in glucose on day 14 was greater in FB 1 -fed chicks (P2 and P3) than in moniliformin-fed chicks (P4 and P5); however, chicks on combined FB 1 and moniliformin had an even lower glucose level on day 7 and none survived to day 14.
These changes in mycotoxin-exposed birds probably reflect pancreatic damage as reported in a related paper. 10 In control birds, serum Glu concentrations ranged between 252 and 272 mg/dl throughout the feeding trials.
Serum UA and BUN concentrations were increased in all chicks on amended diets (data not shown). The kidneys and ureters were often packed with UA crystals. 10 UA is a primary catabolic product of protein, non-protein nitrogen, and purine metabolism in birds and may be a good indicator of kidney damage in this species.
The high elevation of serum Na in toxin-exposed chicks in this study may be related to the observed renal damage. 10 In advanced chronic renal failure, Na Figure 4 . Effects of dietary F. proliferatum CM, FB 1 , and moniliformin on activity of serum LDH in broiler chicks. Trials and concentrations of toxins were as described for Fig. 1.  Figure 5 . Effects of dietary F. proliferatum CM, FB 1 , and moniliformin on activity of serum GGT in broiler chicks. Trials and concentrations of toxins were as described for Fig. 1. biostasis becomes compromised. Dehydration did not appear to be responsible for the above-normal Na levels because RBC, Hb, and PCV were all decreased in our study, but they are elevated when dehydration occurs.
Serum Chol values increased in a dose-related manner in chicks on the higher mycotoxin-amended diets ( Table 2) . These data are comparable to the report of increased serum Chol in pigs given F. moniliformecontaminated field corn screenings. 6, 19 There were elevated levels of serum Lip in chicks on the higher levels of mycotoxins (data not shown), indicating leakage of these enzymes into the circulation. Normally, only a small amount of Lip is absorbed via the intestines.
Dose-related reduced weight gains occurred in chicks on the mycotoxin-amended diets compared to controls. 9 There were significant (P < 0.05) decreases in weight gains (60-80%) in chicks at the 2 higher feed concentrations of mycotoxins and reduced weight gains (38-44%) in chicks at the lowest level. It appeared that consumption continued through the early stages of toxicosis and that reduced Glb production was not due to protein deficiency because chicks that died had feed in their digestive tracts.
Significant decreases were noted in the following hematologic parameters: RBC, Hb, PCV, and WBC (Table 3). Only slight decreases or fluctuations were noted in MCV, MCH, and MCHC (data not shown). Increases in MCH and MCHC have been observed in chicks fed F. moniliforme culture material containing 450 and 525 mg FB 1 /kg. 25 There were shifts in differential leukocytic counts with increases in heterophils, eosinophils, and monocytes, and decreases in lymphocytes (data not shown). Immunologic changes in birds on mycotoxin-amended diets included an impaired anti-Newcastle disease antibody response, as measured by a reduction in the geometric mean titer (GMT) of a hemagglutination inhibition assay, plus a dose-responsive reduction in Glb production associated with decreased serum Glb and markedly elevated Alb/Glb ratios (Table 4 ). Although total and fractional proteins remained near normal in all treatment groups throughout the feeding trials, serum Glb increased in control birds that were vaccinated against Newcastle disease. Increases in serum globulins and cholesterol with unchanged albumin concentrations have been reported in monkeys fed culture material of F. moniliforme. 8 Reduced immune responses caused by these mycotoxins may not only lead to vaccination failures, but also predispose birds to concurrent natural infections.
In trial 4, purified fumonisins and moniliformin were fed alone and in combination; results indicated a synergistic increase in serum values of ALP, GGT, and Na (Figs. 1, 5; Table 2 ). An additive effect was noted in serum values of AST, ALT, and LDH (Figs. 2-4 ), Chol and Glu (Table 2) , and hematologic values of RBC, Hb, and PCV (Table 3) . A potential hazard to poultry exists because levels as high as 330 µg fumonisins per g feed have been found in the United States. 20
Addendum
After this manuscript was submitted, Plattner and Nelson (Appl. Environ. Microbiol. 60:3894-3896, 1994) reported the presence of the ionophore, beauvericin, in strains of F. proliferatum, which included strain M-5991 used in this study. Analysis of the stock culture material used in this investigation had the following levels of toxins: 1,300 ppm FB 1 , 1,000 ppm moniliformin, and 1,100 ppm beauvericin.
Animal Sciences, University of Illinois) for assistance with mixing amended rations and sexing of chicks. 
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